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The act iv i ty  on thFs contract has been considerable i r r  this period 
of t h e ,  A very i q o r t a n t  piece of work has been completed on the effect of 
honizfng radiation on gene t i c  t r a n s c r i p t i o n ,  A copy of an account of t h i s  
whish has been submitted as a l e t t e r  eo Science i s  included as Appendh 1, 
Another completed s tudy involves  t he  race of mutation in cel ls  gram in D,O, 
Thts has disposed of t h e  suggest ion that t h e  ~ P O C B S S  of mutatLon cocsists of 
a"tunne1Lng"of a hydrogen nucleus fron oae base to another in DNA. Such a 
suggestion cannot be advanced as a major explana t ion  of mutations. A shor t  
summary is included as Appendix 2, 
Work has been going fomazd on t he  c e n t r i f u g a t i o n  of sells of go col i ,  
It has been shown that cells which are exposed to a s  low as l O O g  actuaLly have 
a modif ica t ion  in t h e i r  behavior.  We have Looked at t h i s  from t h e  point of view 
of thymine uptake, which would be concerned with ;the forma%fon of DNA, and also 
from Che poin t  of view of t h e  induct ion of an enzyme, which would correspond to 
t he  transcr€gtion of t h e  M A ,  Preliminary experhents in the Latter case fndtcate 
considerable effect of cen t r i fuga t ion .  The thymine uptake is a f f e c t e d ,  but  not 
nearly as mch. 
0 
A very successful workshop on t he  "Effec t  of Ion iz ing  Radiat ion on 
Bacteria" was conducted and a pre l imimry  transcript of th is  will be sent out 
within two weeks. Il t  is hoped t o  have a corrected copy so that it can be made 
awai tab le  t o  t h e  HASB o f f i c e ,  and they may elect to pub l i sh  it or not as they 
please. There will be some difficulty regard ing  the diagrams i n  the pre l iminary  
transcript but we do not an . t ic ipa te  much trouble in this direction for ',he f ina l  
form. e A very great effort has beak going forward w i t h  the aim, an understanding 
of radiation e f f e c t s  om bacteria. This has involved s t u d i e s  of thymine l abe l ing .  
. 
uraci: uptake, iuducticn of enzymes, es well as a projected set of three 
excerEaents involving the physical na'zure sf the IZNA. It lmks as though 
we 8 3 . 7 2  very close to an understanding of what ionizing radiation does to 
simj?fe: cells. 
Progress has been made with &e high intrinsic viscosity machine. 
This  is nOw working and the viscosity preparations of DEJA has beein rneasure.5, 
It is hoped to use this to study the variation i n  viscosity in DNA a8 a 
function of the cell cycle. Work on th is  has beerr pushed quite hard. 
The design of a spactrophotasetric methad of studying single cells 
has begun. We are hoping to suggest this a6 a method of looking for b i o -  
logical molecules in samples of soil on the surface of Urs.  
of the exobiology effort that we are putting in. 
This i s  part 
0 Work on the mutagenic nature of tritium decay has been advancing 
rapidly .  
mutants. 
This work bears on the rather mysterious process of "stabilizing" 
The draft of 8 paper in chis  area is included as Appendix 3. 
TIie grant has bees of enormous use,  and is enabling, a very vigorous 
push t o  take place th i s  s-r. 
An additional faculty member: Dr. Wallace E. Snipes will be paid partly 
an the grant, 
in association with radiation action and partly as a general tool fer studying 
living things. 
He is going to study electron spin resonance effects, partly 
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THE EFFECT OF I O N I Z I N G  RADIATION ON GENETIC TRANSCRIPTION 
ABSTRACT N65-10113 
,'$ \v= 
C e l l s  of E. c o l i  grown on maltose can be induced t o  produce 
be taga lac tos idase  by t h e  a d d i t i o n  of thiomethyl ga l ac tos ide  (TMG). I f  
c e l l s  are i r r a d i a t e d  s h o r t l y  a f t e r  induction, t h e  t r a n s c r i p t i o n  of t h e  
DNA ceases  and t h e  enzyme produced by t h e  messenger RNA i s  observed t o  
reach a maximum. This  enables  t h e  c a l c u l a t i o n  of t h e  h a l f - l i f e  of 
uns t ab le  messenger RNA. The h a l f - l i f e  f o r  t h i s  decay i s  r e a d i l y  measur- 
a b l e ,  and va lues  a r e  given over a temperature range from 17OC (5.2 min.) 
t o  45OC (0.56 min.). These agree very w e l l  w i th  h a l f - l i v e s  measured by 
o t h e r s  by inducing f o r  s h o r t  times and watching t h e  course of enzyme 
formation. The ra te  of t r a n s c r i p t i o n  i s  involved i n  t h e  k i n e t i c s  of 
c e s s a t i o n  and va lues  f o r  t h e  r a t e  of t r a n s c r i p t i o n  can be  measured. 
Arrhenius p l o t s  f o r  t h i s  r a t e  and the rate of decay a r e  given and t h e  
a c t i v a t i o n  ene rg ie s  measured are i n  the range of 16,000 cal/mole. The 
c e s s a t i o n  of t r a n s c r i p t i o n  i s  l inked t o  t h e  degradation, poss ib ly  of 
only one s t r a n d ,  of DNA. 
It has been suggested t h a t  one important a c t i o n  of i on iz ing  
r a d i a t i o n  i s  concerned with t h e  t r a n s c r i p t i o n  of t h e  gene t i c  message 
i n t o  RNA. (1) Clayton and Adler (2) showed t h a t  induced catalase syn- 
t h e s i s  i n  Rhodopseudomonas spheroides is  i n h i b i t e d  by low doses of 
X-rays, g iv ing  experimental  support to t h e  idea.  P o l l a r d  and Vogler 
(3 )  us ing  c e l l s  i n  which the process of induct ion involved both permease 
and induc t ion  showed t h a t  t h e r e  is some s e n s i t i v i t y  t o  gamma r a d i a t i o n .  
Nove l l i  (4) found a reduced s e n s i t i v i t y  as compared w i t h  colony forma- 
t i o n ,  but  i t  i s  s t i l l  a considerable  s e n s i t i v i t y .  0 
2 .  
The process of induction of an enzyme has been thoroughly 
studied in recent years, particularly by Pardee and Prestidge, (5) , 0 
L Boezi and Cowie (6) Nakada and Magasanik (7) and Kepes ( 8 ) .  Their work, 
which supports the well known suggestion by Monod, Jacob and Gros (9), 
indicates that the transcription of the genetic message is repressed 
by something which can be acted on by a small molecule, the inducer, 
to remove repression and permit the formation of messenger RNA, which 
then acts to make the enzyme. The messenger RNA undergoes decay, by 
a process which is still not clear. Very elegant measurements by Kepes 
( 8 )  show that for the messenger RNA for betagalactosidase the half-life 
is 1.02 min. at 37OC and 2.05 min. at 25OC. The time of onset of the 
enzyme after induction was found to be about 3 minutes. 
If the process of transcription is indeed sensitive to ioniz- 
ing radiation, then the irradiation of cells which have just been induced 
should show development of the enzyme to the extent of formation of new 
messenger RNA within a few minutes plus the formation of the enzyme 
while the messenger RNA is decaying. This pattern was found by Clayton 
and Adler. The experiments described here amplify and extend their work, 
and also permit relatively accurate agreement with the work of Kepes. 
The experimental procedure is as follows. Cells of E. coli B. or 
15 Thy-Leu- are grown in minimal medium on maltose as a carbon source. 
This does not repress the formation,of enzyme, nor does it induce it. 
When the cells are at a concentration between 5 x 10 per ml. and 1.0 7 
8 x 10 per mE they are induced by the addition of 1 ml of thiomethyl- 
galactoside (TIC) (0.2g/100 ml) to 20 ml cells. The concentration at 
irradiation must be kept relatively low. 
have found the cells to be much less sensitive for reasons not yet clear. 
At higher concentrations we 
3. 
A few minutes a f t e r  induct ion ( the  time depends on the  temperature) t h e  
c e l l s  are i r r a d i a t e d  i n  a Co 60 source f o r  a n  amount of dose ranging about 0 
I 13,50Or, which t akes  2% minutes. I n  the meantime 1 m l  samples are taken 
a t  two minute i n t e r v a l s ,  both from the i r r a d i a t e d  and a non-irradiated 
c u l t u r e ,  and assayed f o r  betagalactosidase a c t i v i t y .  Th i s  i s  done by 
p u t t i n g  t h e  1 m l  sample i n t o  4 m l  i c e  co ld  d i s t i l l e d  water con ta in ing  
one drop of toluene and 1 drop of detergent  (Sarkosyl, 2%). The samples 
are shaken vigorously a t  i n t e r v a l s  for  one hour, and then placed i n  a 
waterbath a t  34OC. ONPG (orthonitrophenylbetaDgalactopyranoside, obtained 
from SIGMA) i s  added t o  each tube and t h e  yellow co lo r  allowed t o  develop 
u n t i l  it i s  s u i t a b l e  f o r  reading,  t he  t i m e  of a s say  being recorded. The 
r e a c t i o n  i s  stopped w i t h  lM sodium carbonate, and t h e  pe r  cen t  t r ans -  
mission read on a B and L spec t ron ic  spectrophotometer a t  420 m i l l i -  
microns. A c a l i b r a t i o n  curve wi th  known r e l a t i v e  amounts of enzyme is  
used t o  d e r i v e  a r b i t r a r y  u n i t s  of enzyme a c t i v i t y .  The r e s u l t s  of one 
experiment are shown i n  f i g u r e  1. The ce l l s  were maintained a t  42OC, 
induced a t  ze ro  t i m e  and i r r a d i a t e d  in t h e  coba l t  source f o r  t h e  time 
ind ica t ed  as shaded. The amount of enzyme produced i s  p l o t t e d  f o r  t h e  
i r r a d i a t e d  c u l t u r e  and a l s o  f o r  an u n i r r a d i a t e d  c o n t r o l .  It can be seen 
t h a t  t h e  formation of messenger RNA continues f o r  about 2 minutes a f t e r  
t h e  mid-time of t h e  i r r a d i a t i o n ,  and then ceases. The decay of t h e  
messenger, as seen by t h e  slowing down t o  a s t o p  of t h e  production of 
enzyme, can be seen. Somewhat l a te r ,  a reduced rate of syn thes i s  i s  seen. 
Th i s ,  i t  i s  suggested, i s  due t o  newly synthesized DNA. A s e p a r a t e  study 
of t h e  later inc rease  i s  going forward. 
0 
I n  f i g u r e  2 t h e  same kind of d a t a  taken a t  2OoC i s  shown. The 
whole process  i s  considerably slowed down. 
I f  w e  suppose t h a t  t h e  amount of enzyme formed, E ,  i s  p ropor t iona l  
t o  t h e  amount of a c t i v e  messenger RNA presen t ,  R ,  and i f  Eo i s  t h e  maximum 
amount observed i n  t h e  p l a t eau  before  t h e  second rise, then i f  we have t h e  . 
decay r e l a t i o n  f o r  t h e  messenger RNA, 
it follows 
t h a t  h ( E o  - E ) - l n E o  = -kit 
Thus a p l o t  of t h e  amount of enzyme s h o r t  of t h e  p l a t eau  f i g u r e ,  
(Eo - E), ver sus  t i m e ,  on a logarithmic p l o t ,  should y i e l d  a s t r a i g h t  l i n e ,  
and from it the  h a l f - l i f e  of t h e  messenger RNA should be deducible.  
i s  t h e  method used by Kepes. I n  f i g u r e  3 are shown such p l o t s  f o r  tempera- 
t u r e s  ranging from 17OC t o  45'C. 
from t h e s e  graphs are given i n  table 1, toge the r  with d a t a  appropr i a t e  t o  
o t h e r  messenger decay s t u d i e s .  ' I t  can be seen t h a t  t h e  agreement wi th  Kepes 
i s  q u i t e  good, and t h e  consis tency of a l l  t h e  d a t a  adds weight t o  t h e  
gene ra l  i dea  t h a t  r a d i a t i o n  has inh ib i t ed  t r a n s c r i p t i o n  i n  something l i k e  
t h e  same way as t h e  removal of inducers as s tud ied  by Kepes. The mechanism 
suggested i s  t o t a l l y  d i f f e r e n t ;  only t h e  r e s u l t  i s  t h e  same. 
Th i s  
The h a l f - l i v e s  and decay cons t an t s  der ived 
From f i g u r e s  such as given above one can a l s o  d e r i v e  two o t h e r  
sets  of numbers. The f i r s t  i s  t h e  t i m e  taken t o  h a l t  t r a n s c r i p t i o n .  Th i s  
i s  measured from t h e  mid-time of i r r a d i a t i o n  t o  t h e  t i m e  a t  which t h e  
i r r a d i a t e d  c u l t u r e  d e v i a t e s  from t h e  c o n t r o l .  
It i s  a l s o  p o s s i b l e  t o  conduct t h e  same as say  on ce l l s  which are f u l l y  
r ep res sed  by being grown i n  glucose.  Much less enzyme i s  observed, but by 
inc reas ing  t h e  t i m e  of assay,  i t  can  be measured. 
Values a r e  given i n  t a b l e  2 .  
It has been suggested by 
5. 
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Jacob and Monod (11) that this basal enzyme can correspond to the granscription 
of one messenger RNA molecule. If we designate the enzyme units measured 
in a standard way per cell for basal level as one basal unit, then we can 
find the number of basal units, and hence presumably the number of messenger 
inolecules produced per cell in each case. Two numbers are found : the 
total numberp which will depend on the time of induction and so is not 
significant beyond the circumstances of the experiments, and the number in 
the last decay process. This last is significant, as it should be independent 
of the time of induction. Since it is possible to measure the rate of produc- 
tion of enzyme near the moment of cessation of transcription and also the 
number of basal units formed after this, we can estimate the rate of transcrip- 
tion in the same units. 
This rate of transcription is measured as follows. If we denote 
messenger RNA by R we have the following relations 
E = bR 
- dR = a - klR ugtil transcription ceases 
dt 
- dR = -krR after transcription ceases. 
dt 
Here E is the amount of enzyme which we measure in basal units, and for 
convenience we set b = 1, since we do not in these experiments, measure 
the actual number of enzyme molecules; a is the rate of transcription of 
messenger per second. 
Then we haveg at the moment when transcription ceases, an observ- 
able value of dR which we call dR . Also, frcm the rest of the curve (-1 
dt dt0 
- .  
6. 
for synthesis of enzyme we can measure Eo and hence Ro, the amount of 
messenger left to decay. Thus we have 0 
dR = a - klRo (-) 
dt0 
and we have measured k as described above. So a can be found. 1 
In table 3 we give numbers found in this way for different 
temperatures. It is interesting that although the process of stopping 
transcription is faster at higher temperatures, the rate of transcription 
is faster still. In figure 4 we show the Arrhenius plots for the decay 
of messenger and also for the rate of transcription. 
the energy of activation, H*9 is found to be 15,000 calories per mole, 
In the first case 
while in the second case it is 18,000 calories per mole. Both are in a 
reasonable range for enzyme action. 
The fact that very reasonable figures for the decay of messenger 
0 over a wide range of temperature, with good agreement with good measure- 
ments made quite differently, are obtained by assuming that radiation acts 
to stop transcription, forces consideration of this as a hypothesis. It 
is not at a19 unreasonable in view of recent experiments of Pollard and 
Achey (12) in which it was found that in the presence of oxygen the DNA 
of E. coli is degraded to the extent of 50% but no more. The process 
of degradation involves some kind of enzymatic action, and it is here 
suggested that the 50% degradation occurs on the strand of DNA which is 
transcribed. This strand can be designated as "physiological". The 
other strand is supposed to be so held in the cell as to be relatively 
invulnerable to the combined effect of radiation and enzyme. The kinetics 
of degradation have been measured at different temperatures in our labora- 
tory, and it is possible to estimate that before the physiological strand 
- c  
7 .  
has become 5% degraded, t r a n s c r i p t i o n  of t h e  message has ceased. 
It has been suggested, f o r  q u i t e  d i f f e r e n t  reasons,  by Champe 
0 
c 
and Benzer (13) ,  Bautz (14), and McCarthy and Bolton, (15), t h a t  only 
one of t h e  two s t r a n d s  of DNA i s  t r ansc r ibed .  It i s  presumably i n  a 
d i f f e r e n t  phys i ca l  s ta te  while t h e  process of t r a n s c r i p t i o n  i s  going on. 
It would appear t h a t  t h e  d i f f e r e n c e  is  s u f f i c i e n t  t o  render t h e  s t r a n d  
which i s  t r ansc r ibed  much more vulnerable  t o  t h e  combination of r ad ia -  
t i o n  and enzymatic a t t a c k  which is involved i n  t h i s  type of r a d i a t i o n .  
Since t h i s  type of i n h i b i t i o n  of t r a n s c r i p t i o n ,  r ega rd le s s  
of t h e  hypothesis  advanced t o  explain i t ,  i s  not s p e c i f i c  a t  a l l , . i t  
should be p o s s i b l e  t o  e x p l o i t  it t o  make a general  study of a wide 
v a r i e t y  of messenger RNA h a l f - l i v e s  and also, poss ib ly ,  of rates of 
t r a n s c r i p t i o n .  I f  one looks a t  d a t a  on t h e  inco rpora t ion  of s u l f u r  
(3 ) ,  the s a m e  k ind  of c e s s a t i o n  of uptake a f t e r  i r r a d i a t i o n  i s  evident .  
Th i s  corresponds t o  t h e  formation of a q u i t e  d i f f e r e n t ,  and perhaps more 
r e p r e s e n t a t i v e  p r o t e i n .  S tud ie s  s p e c i f i c a l l y  d i r e c t e d  a t  t h e  same kind 
of observat ions as given above should make it  p o s s i b l e  t o  measure h a l f  
l i v e s  of  such p r o t e i n s .  Th i s  work i s  being prosecuted. 
8. 
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CAPTIONS FOR FIGURES 
F igure  1. A c u l t u r e  of E. c o l i ,  s t r a i n  B previously grown on maltose w a s  
induced wi th  TMG at  t i m e  zero.  
. 
It was then allowed t o  grow at  42OC and 
i r r a d i a t e d  i n  a Co60 source f o r  2% minutes, g iv ing  a dose of 13,500r. 
The amount of be t aga lac tos idase  i n  1 m l  of t h e  c u l t u r e  w a s  measured a t  
v a r i o u s  t i m e s  f o r  t h i s  c u l t u r e  and an u n i r r a d i a t e d  c o n t r o l .  
of enzyme cont inues f o r  a s h o r t  while a f t e r  i r r a d i a t i o n  and then ceases .  
From t h e  k i n e t i c s  of c e s s a t i o n  of production t h e  h a l f - l i f e  of messenger 
RNA can be found. L a t e r ,  presumably as new DNA syn thes i s  s tarts,  t h e  
supply of enzyme begins t o  increase.  
The production 
0 Figure 2.  Data s i m i l a r  t o  Figure 1 with t h e  temperature a t  20 C. 
Fipure  3.  
t i m e  on a semilogarithmic scale: The decay cha rac t e r  i s  c l e a r l y  v i s i b l e ,  
and t h e  h a l f  l i f e  of messenger RNA can be found f o r  va r ious  temperatures.  
P l o t s  of t h e  amount of enzyme s h o r t  of t h e  p l a t eau  value versus  
Figure 4. 
and t h e  rate constant  f o r  t r a n s c r i p t i o n  of &sage versus  t h e  r e c i p r o c a l  
of t h e  abgolute  temperature.  
cal .  p e r  mole, while  that f o r  t r a n s c r i p t i o n  is 32,000 c a l .  pe r  mole. 
P l o t s  of t h e  logarithm of t h e  decay constant  f o r  messenger RNA 
The a c t i v a t i o n  energy f o r  decay i s  15,000 
10. 
TABLE 1 
Constants for  the Decay of Messenger RNA a t  Different Temperatures. 
1 
Temperature, 1 /Ke  lvin H a  If - l i f  e Decay constant log k 
degrees C. Temper a t  ure kl 
0.115 -1 17 3.45 5.2 min. 1.3 min 
20 3.42 4.2 1.6 0.205 
25 3.35 1.3 
2.4 3.6 
1.9 
2.05 (Kepes) 
30 
37 
42 
45 
3.31 
3.23 
3.18 
3.14 
2.5 (Nakada and Magasanik) 
0.80 
0.75 9 .o 
1.05 (Kepes) 
0.8 8.6 
0.56 12.4 
0.560 
0.952 
0.935 
1.095 
Levinthal, Keynan and Higa, B. Subtil is ,  33.5OC, found a ha l f - l i fe  
of 1.4 min. 
11. 
TABLE 2 
Time of Cessation of Synthesis of Messenger RNA after the Mid-time 
of Irradiation 
0 Temperature, C 
17 
20 
25 
37 
42 
45 
Time, min. 
7 
7 . 5  
4.5 
3.5 
2.5 
1.5 
1.5 
2.7 
12. 
TABLE 3 
Amounts of Enzyme Synthesized after Cessation of Transcription, and 
Rates of Transcription. Units are llquotas" Produced by Repressed 
Cells, and Possibly Messenger RNA Molecules per Cell. 
0 Temperature, C 
17 
20 
25 
37 
42 
45 
Quotas made after Rate of transcription, 
cessation of messenger quotas 
transcript ion. per minute. 
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BiOphpS iC6 f 3 e P r h e n t  
'It has been suggested, sotably by Preese {I) that a change 
in a base pair tn nuclek acid frog! an adenine-thymine pair, t o  a 
guanine-cytosine pair or vice-versa, coastitutes a process of mutatltwt. 
A hrtber suggestion has been made by Per-Olov -din (2) that this 
change csdd be mediated by the trrnneling of a proton from one base 
t o  another. 
through a potential barrier, aad the probability of passage B Fs given 
The process of pratm tunneling involves the passage 
by an expression of the form below 
where A is a constant, m 18 the m(98 of the tunneling particle, h is 
PLanck's constant and E, V and x are as indicated in figure 1. 
The tunneling process involves the wave length of the particle 
which does the tunnetingo and this in turn involves the mss of the 
particle. If $be particle Fs a protea then it has one-half the mass 
o f  a deuteron and for a given situation the probability of tunneling 
w i l l  change by introducing in the exponent a factor of the square root 
of 2, which will rnaterLaPLy change the absolute magnitude of the quanti&? 
- 1  
2 ,  
0 involved. I f  we  suppose that the probability fo r  mutation due t o  t h i s  
e f f ec t  is about one in  a million, and i f  t h i s  is due t o  the tunneling 
of a proton, then t h e  presence of a deuteron would cause a change by 
-6 -9 a factor  from 10 to approximately 10 . Thus i f  it should be t r u e  
that the sole cause of mutation was proton tunneling in DM, and it 
were possible t o  d e  a f u l l  exchange of proton fo r  deuterons, the 
mutation rate should dras t ica l ly  fa l l  fo r  bacteria which had been 
cultured in  D20 medium. 
It is readily possible t o  grow E. c o l i  cells in D 0 rncdium 2 
and it is possible t o  measure the process of mutation t o  phage resistance, 
both for  TL and T2r phage. A 1 1  that is necessary is  t o  plate the  bacteria 
on medium a f t e r  they hawe been challenged by phage, and the mutants 
appear as r e s i s t an t  colonies. 
0 The question arises as t o  whether cells grovn on medium in 
which the components are of normal hydrogen while the w a t e r  is heavy 
vater, do have appreciable substi tution of deutertum for  protium. In 
our ~ W L I  laboratory ve can offer  the follawing evidence. 
produced by infection of cells gram on D20 meditm (normal nutriemt 
broth made i n  D20) 8hWS markedly different  thermal iaactivation from 
phage sawn on E 0 grawn cells. 
made i n  a phage which hss to  be formed from the metabolic operations of 
the cell. 
dgfferent thermal inactivation constante. 
T l  phage 
This indicates a real change has been 
2 
Also betagalactosidase from cells grciwn i n  D20 medium has 
W e  conclude, as io reasonable, 
t h a t  t he  biochemical processes which involve water cau8e the iucorpora- 
tion of deuterium in place of nolnvrl hydrogen. 
A cer ta in  arnount of care aamt be exercined in t h i s  kind of 
study, because Putation t o  phage resistance may pot itmwdlately alter 
3.  
the surface of a bacterium in such a way as to prevent an attachment 
of phage, which is the basis €or the blocking of the infective process. 
Thus one nust allow sufficient time for the lnutation to become expressed 
as phage resistance. 
0 
Procedures 
Cells of ESCheriChi8 coli, strain B (AT= 11301) were grown 
in nutrient broth, with agitation overnight. 
fresh nutrient broth were inoculated with 1 ml of the overnight culture 
and allawed to grow for about an hour before sampling. Every half hour 
7 ml were taken, and used to measure (a) turbidity, (b) dilution and 
plating €or cell colony count and (c) challenge for mutants, 
In the morning 100 m l  of 
9 This last was done by adding 2 ml of phage at 10 per 811 to 
2 m1 of cells, allowing to stay mixed for two hours, diluting and plating 
by the agar overlay method with an additional .)r ml of phage added to the 
tube agar before pouring on the plate, 
0 
The plates were incubated overnight at 37OC and mutant colonies 
counted .,
The same procedure w a 8  used for D20 cells which were grown in 
nutrient broth dissolved fn DzO, first overnight and then transferred, 
A canparable set of experiments were done fn Roberts' C 
minimal medium @H4Cl, Zg; %m4, 68; KE2R14, 3g; h C l  38; w12, 
0.01g; Na SO 0.026, glucose 68 per liter). 
2 4' 
Typical data are sham in Figure 1 and Figure 2. In these 
experiments the colony count of the growing cell culture is shown as 
one line, the number of mutants to T1 resistance is shown bo a second 
line and the number of mutants to T2 resistance is shown as a third line. 
4 ,  
Similar data taken in B 0 medium is shown in Figure 2. It can be seen 
at once that there is no striking difference in the number of nutants. 
In Figure 3 we show the number of mutants per bacterial cell 
2 
as the culture develops. 
mutants can be reen in each case here shown for T1. 
similar data for T2 are shown. Table 1 shows the number of mutants 
per cell at each time for each kind of medium. 
The overall progress of the development of 
In figure 4 
Experiments done in C minimal medium showed a higher overall 
rate of mutation, but no systematic difference between I) 0 and H 0. 
Only T1 resistance was studied. 
2 2 
Cultures which had been stored overnight in D 0 and E 0 did 
2 2 
not show any appreciable difference in the number of mutants. 
DISCUSSION 
We conclude from this preliminary experiment that it is not 
safe to assume that the only basis for the formation of mutants is the 
process of proton tunnelingo 
we have eliminated it as a means of causing mutations, but merely suggest 
that the discovery of mutants due to proton tunneling might be done by 
this means. We also suggest that it will be found to be rare compared 
with other mechanisms which are responsible for the formation of mutants. 
Our data could be interpreted as showing a smaller mutation rate in D 0 
medium. 
which are knawn to influence mutation expression, but if the claim were 
=de that t h i s  reduction is due to reduced proton tunneling, then the 
ratio of O e 6  ,+ 0.2 for T2 and 0.7 f 0.3 for T1 between DzO medium nutants 
and H20 medium mutants should be compared with theoretical tunneling 
ratios of 1.4 x 10 
We do not claim that in these experiments 
2 
It is likely that th is  reduced rate is due to other factors 
-3 -3 and 6.5 x 10 . If we suppose that a fraction f 
5. 
of mutants is due to tunnel ing,  and 1-f Ls not dependent on D20 i n  
any other way, then  t h e  observed r a t i o s  can be used t o  c a l c u l a t e  f ,  
using the t h e o r e t i c a l l y  expected r a t i o  as given above. 
t h e  c a l c u l a t e d  r a t i o  
We g e t  for 
-3 
6.5 x 10 f + 1-f for T 1  
1 
Thus f is 4OZ i n  the f i r s t  case and 30% i n  t h e  second, Since it is 
very  likely that the assumption that I-f does not depend on D20 is not  
v a l i d ,  t h e  va lue  of f c a l c u l a t e d  above is probably t o o  high. For t h i s  
reason we feel it  is safe to conclude that other mechanisms of mutat ion 
exist. 
We wish to thank Dr. Stanley Person for advice  a d  e r L t L c i s m .  
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TABLE 1 
Mutants per cell for T1, T2 resistance in  E 0 and D 0 media. 
2 2 . 
0 
lh  
2h 
3h 
4h 
5.Sh 
3.2 x 10 202 x loo8 0.4 x ld' 
3.3 3.4 x 10-6 7.0 x 10"' 3.6 x loo8 
2 0 4  X 10 2.9 x 10 7 x loo8 4.1 x log8 
2.1 x loo6 2.2 x loo6 8.5 x loo8 7.0 x loo8 
-6 4.5 x loo6 
-6 -6 
0- 2.5 x loo6 0- S a l  x loo8 
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Introduction 
It has been r;hown that tritiated thylaidine decay in bacteria pro- 
duces mutations as well as lethal events (Person and Lewis,1962). Using 
tritium labeled rrecursors for RNA,DNA and protein, the effeciency €or reversion 
production is i n  the following order: 7(for B3-uracil) to P(f0r R3-thymidiae) 
to l(for li3-kistidine or H3.-proline (Person and Bockrath,l964). In view of the 
work by Rachmeler and Pardee (1963) and Person (1963) that shows the order 
for efft-ciency of producing lethality to be: 2(for R3-uracil) to 3(for H3- 
0 
thym3iline) to l(for H3 histidine or H3-leucine;, it is unexpected to note 
tb-. relatively high reversion frequency prcduced by the decay of incorporated 
H3-uracil. 
With the idea that the revertants produced by the decay of different 
Eg cwpwnds may be different, we have examined in some detail revertant 
production as a function of the growth conditions following the accumulation 
of E3 decays. 
Materials and Methods 
1 
A multiple auxotroph of E. coli. strain 15 requiring thymidine, 
uracil, tryptophan, methionine, agranine and proline was gram in sup- 
plemented minimal salts - glucose medium to a titer of about 5 x 10 
diluted lOOx into prepared culture tubes. Each contained the four required 
8 and 0 
a .  -2- 
amino a c i d s  a t  a concent ra t ion  of SOlsg/ml, thymidine a t  2-3 mg/ml and 
u r a c i l  a t  15-20 malm1 (or uradine a t  30-40 rag/rnl). 
0 
2 
The tritium iso tope  was incorporated v i a  H3-thymidine at a f i n a l  
2 s p e c i f i c  a c t i v i t y  of  1-2C/d ,  f I3 -uac i1  a t  a f i n a l  spec i f  i c  a c t i ~ i t y  *of 
about 0.2 C/W,  or €I3-histidine a t  a s p e c i f i c  a c t i v i t y  of approximately 
1C/mM and concent ra t ion  of 2-3mg/ml.The inocula ted  c u l t u r e s ,  ae ra t ed  a t  
37OC, g r e w  exponent ia l ly  a t  i nd i s t ingu i shab le  r a t e s  
of approximately 4 h i n u t e s .  When the c e l l  cotmt reached 5-7 x 10 
lel, t h e  c u l t u r e s  vere gene ra l ly  harvested by f i l t r a t i o n ,  washed and re- 
suspended i n  Hlipimal salts - glucose- and s to red  a t  4-8OC to  accumulate 
r a d i o a c t i v e  decays. 
3 
with a doubling t i m e  
8 cells ps r  
The rate of decay per  bacterium of incorporated tritium campounds 
was asce r t a ined  by r a d i o a c t i v i t y  determinat ions us ing  l i q u i d  s c i n t i l l a t i o n  
techniques4 and c e l l  nlfPber raeasur-atsS of equal  a l i q u o t s  from t h e  r e -  
suspended s to red  c u l t u r e s .  The observed counts  per  m€nute i n  t h e  r s d i o a c t i v e  
a l i q u o t s  were co r rec t ed  for counter  e f f i c i e n c y  a n d - s e l f  absorp t ion  of t h e  
b e t a - p a r t i c l e  by t h e  bacteriutn, and then d iv ided  by the number of b a c t e r i a  per  
0 
a l i q u o t  t o  g ive  t h e  real decays per u n i t  t i m e  per  bacterium. 
Viable t i ter  and r e v e r t a n t s  were determined by colony couats on 
minimal salts  - glucose egar p e t t r i  d i s h e s  supplement i n  t h e  f o i l w i n g  
manners: a ) t h e  titer p l a t e s  contained 1 mg/sl Difco n u t r i e n t  bro th ;  b)the 
f o r t i f i e d  r e v e r t a n t  s ea rch -p la t e s  contained 100 m g / d  each of tryptophan, 
methionine and p r o l i n e  and 20 m g h l  each of u r a c i l  and thymidine ------- 
p l u s  200 t sg /ml  Difco n u t r i e n t  broth and the m u - f o r t i f i e d  sea rch -p la t e s  
(independent r e v e r t a a t )  contained the  f i v e  supplements a t  concen t r a t ions  
j u s t  l i s t e d ,  bu t  no n u t r i e n t  bro th  f o r t i f i c a t i o n .  
Resul t  s 
The dependent and independent subc lasses  i n  r e v e r t a n t  populat ion.  
-3- 
If the labeled cultures are allowed to accumulate decays the number 
of viable arginine revertants, farming colonies on fortified search plates, 
increaseto a maximm in the region of l@O-lSO decays per bacterium. This fs 
shown for atypical H3-uracil labeled culture in figure 1. The examination of 
the revertant population utilized this maximua number of viable revertants 
- 
(indicated by the shaded area) by allowing 1Q0-150 decays per bacterium to 
accumulate in the H3-thymidine, H3-uraci1, E3-histidine labeled cultures . 
After sufficient time for such a number of decays to accumulate, the 
cultures were removed froa cold-storage and incubated at 37OC with aeration 
in thS presence of tryptophan, methionine, proline, thpidine, uridine, 
and a law level of nutrient broth fortification. the supplements and nut- 
rients were available in the same concentrations as those in the fortified 
search plate. At intervals in time aliquots were removed from the incubation 
tubes and assayed for revertants on fortified and non-fortified (independent 
revertant) search plates. The results are sham in figure 2. 
0 The .mumber of revertant colonies indicated on the fortified search 
plate remains constani: for about two hours in the revertaqt populations 
produced by H3-thymidine or Xis-histidine decay, or three to four boars 
in the case of B3-uracil. 
At the same time the number of independent revertant colonies 
fonned on non-fortified search plates is initially Mite 1ow.After a 
slight lag this number increases exponentially to eventually equal the 
nuder obtained an the fortified plate. It appears that the incubation increaees 
the d e r  of independent revertants which can, in the absence of chtinued 
nutrient fortification, give rise to a revertant colony. This is accompanied 
by newsbstantial variation in the over all titer and a slight increase in 
that number of revertant colonies developed on a fortified plate. 
The differential response of the revertant population when plated 
on fortified and noa-fortified Petri dishes is taken as evidence for the 
existence of two subclasses of revertants produced by H decay: the independent 3 
revertant forms a colony in the absence of fortification while the dependent 
revertants form additional colonies in the presence of fortification. These 
two subclas8es are sham to exist far all three H3 
the kinetics of development differ. 
- 
compounds used, although 
Figure 3 shaws the specific variations of the independent fractions 
in the different revertant populations as a ftthction of incubation time. The 
ratio of the number of revertant colonies on non-fortified plates over the n d e r  
of revertant colonies on fortified plates (from fig.2) is plotted against time of 
incubation. At zero incubation time the independent fraction in the cultures 
having accumulated decays from incorporated H3-thpaidine or incorporated 
E -histidine is about 5 times that found in the culture receiving decays 
from incorporated H3-urecil. (See table l(a) A t  three hours the revertant 
populations in the H3-thpidine and H3-histidine cultures are almost entfrerly 
3 
composed of independent revertants, whereas amre than four hours are required 
for the H3-uracil culture to  reach such a distribution. This seem to be 
the result of shilar rates of conversion in the three cultures, but dissimilar initial 
distributions. 
"Independent revertants as a function of accumulated H3 decays". 
A second set of experiments was undertaken to demonstrate that the 
independent fraction of the revertant population WBS composed of a particular 
type of revertant, having a distinct probability of being produced per tritium 
decay. 
A t  intervals in the accwdation of decays large aliquats from each of 
three labeled cultures (€I3-thpidine, R3-uracil, B3-histidine) were removed 
from cold storage and plated directly on to non-fortified search plates. At 
. 
-5- 
the stme! time viability was determined cm titer plate. The results of 
several experiments are shown in figure 4. The number of revertants pro- 
duced by decays is plotted as the nrratber of viable revertants per 10 8 viable 
bacteria E the number of accumulated decays. 
The data sham in figure 4 represent the net number of revertants 
produced by the a c c d a t i a n  of tritium decays during cold  storage. Two 
types of "background" revertants have been discounted. The first is merely 
the ntwber of spontaneous revertants that appear aaaong a similar number of 
unlabeled bacteria, The second type includes those revertants that are 
produced by tritium decays occuring during the labeling process. That is, 
per bacterium plated, at the beginning of cold storage, the number of rev- 
ertants is greater for labeled cultures than for unlabeled control cultures. 
Both types of "background" revertants are adjusted to account for the in- 
creasing loss of colony forring ability accompanying accumulating tritium 
decays. 0 
The lines drawn in figure 4 are fitted to the data by the least 
square method. The slopes of these lines represent the reversion frequencies 
(termed k values) in units of revertants per 10 
These k values are 0.058, 0.026 and 0.019 for E 
E3 -hist idine respectively , 
a survivors per tritium decay. 
thymidine, E -uracil and 3 3 
Comparison of data frols fimres 2,3 and 4. 
Table 1 is used to compare data taken f r m  figures 2,3 and 4. 'We 
first line in table 1 (a) lists the fraction of independent revertants in the total 
revertant populations as determined by zero t h e  extrapolations of data in 
figure 3. In the second line these fractions are uorma'llzed to E3-uracil 
taken as 1.0 
The first: lime in table 1 (a) lists the k vales detexmined by 
~~ 
I 
-6 - 
3 the E -thymidine, E3-uraci1 aad E3-hLstidine experiments of figure 4. 
Line 2 lists k-values obtained previously by plat ing on nutr ient  b t h  
f o r t i f i e d  Petri dishes (1964). Since line 1 represents k values for in- 
dependent revertants, the ratio of independent/total revertants may be 
formed and t h i s  r e su l t  is indicated in l i ne  3. n the last l i ne  of table  1 
(a) these ratios are a l so  normalized to E3 - urac i l  taken as 1.0 
L 
The normalized ratios i n  parts (a) and (b) of table  
& show c lear ly  that  decay8 of incorporated H3-turacil yeild a relatgvelg 
small f ract ion of independent revertanp. 'Qlis is found i n  the detailed study 
bf revertant populations resu l t ing  from a large accumulation of tritium 
decays and in  the reversion frequencies accampanying decays. 
It should be noted, however, that  the absolute magnitude of the 
isdependent revertant f ract ions are not the same when.'deterraiued by &he 
two Ise thods .pa t  the r a t i o s  determined by wqm&ees frequency k-value5 ' 
W d e r s h  
are uniformly lower than those found by sub-clmdevelopment studies 
could be caused by the di f fe ren t  prwedures used. While the data i n  figure 
4 used aliqwts of cold, stored cultures plated in the cold without the 
fortified warming, the platings for data shown i n  figures 2 and 3 took 
place a f t e r  cold, stored cultures were f o r t i f i e d  wkth nutrient broth a d  
supplements and warared to 37OC. 
~~ 
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Discussion: 
There seem to be two types of revertants produced by €I3- decay. The 
majority are dependent revertants which give rise to revertant colonies in 
the presence of nutrient fortification. In addition, there are some indepen- 
dent revertant colonies that can form colonies in the absence of nutrient 
* 
fortification. The data from figures 2 and 3 show that these two subclasses 
exist and that they exist for all E3- compounds used. However, as indicated 
in figure 2, the kinetics of development of independent revertants varies 
for the El 
and different for H -uracil. In addition, the data graphed in figure 3 
3 3 compounds used, being similar for H3-thymidine and H -histidine 
3 
shows that the fraction of independent revertants in a total population 
of revertants varies depending upon the H3- compound. The decay of €I3- 
thymidine or H3-histidine yeilds a relatively higher fraction ,of in- 
dependent revertants (3 - Sx)  than does the decay of Ef3-uracil. 
If only the production of independent revertants is considered (Fig. 4) 
the relative mutagenic effeciency of the 3 H 3 compounds used is in the order: 
thymidine,3, to uracil,l.4, to histidine ,1.0 (Fig. 4). This order of effectiveness 
is the same as that found for the production of loss of viability (Person,1963; 
Rachmeler and Pardee, 1963; Person and Bockrath, 19641, with only slight dif- 
frences in absolute relative frequencies. This would suggest that the same 
molecular species is being perturbed in both cases, and that, in fact, the 
species is DNA. The independent revertants amy result from DNA alterations 
that require no cell synthesis prior to expression. 
If one assumes that the fortified search plate develops colonies 
equally well from independent and dependent revertants, the number of 
colonies scored on such a plate would represent the sum of these two 
subclasses of revertants. The dashed line in figure 2 represents this 
theoretical sum varying as though it were composed of a constant number 
-a- 
of dependent revertants plus the increasing number of independent rev- 
ertants (arising by division of pre-existing iudepeudent revertants). 
Since the experimental line obtained is notably below the theoretical 
line, the increasing number of independent revertants must be accompanied 
by a decreasing number of dependent revertants. ‘ence it seems that the 
population of revertants produced by accumulated €I3-decays is in part 
coaposed of dependent revertants which require fortification for expression, and in 
part composed of independent revertants which do not. And in the course of 
incubation dependent revertants convert to independent revertants. 
0 
We hsve tried arginine as a substitute for the nutrient broth 
fortification and find 2)&3/ml to give results similar to those reported 
above. This would suggest that expression of dependent revertants may 
require only re-initiation of normal protein synthesis by 8 temporary 
exogenous supply of the missing metabolite. In this sense production of revertants 
by H3- decay would be different from reversion by U.V. irradiation, where 
nutrient broth and a particitlar state of protein %yath@&is required for 
expression (Uitkin,1956). 
3 In any event the unique character of the B -uracil produced rev- 
errant population relative to revertant populetionsproduced by B 3 -thymidine 
or €I3- histidine infers that there are at least two different molecular 
alterations that can mediate the reversion of a bacterial mutant, and that 
the specificity of the 3 H3-compwnds used is sufficient to differentially 
effect these t w o  alterations. 
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Legends for F i w e s  
Figure 1 .  The curve in figure 1 is the result of production and survival of 
arginine revertant bacteria. The number of surviving revertants is plo t ted  
3 a8 a function of accumulated H -uracil decays. The examination of the revertant 
population, as shown i n  figure 2, util ized the maximum number of viable rev- 
ertants. This is indicated by the shaded area in the region 3@3-150 decays/ 
bacterium. 
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Figure 2. The differential response of the different revertant populations, 
shown here, when plated on fortified and non-fortified Petri dishes is 
taken as evidence for the existence of two sub-clasaes of revertants produced 
by E3-decay. Aliqouts of stored cultures (see fig. 1) vere iocubated with 
nutrient broth fortification and plated as a function of time of incubation 
OQ the two types of search plates. The upper solid curves correspond to 
plating on fortified search plates and the lower solid curves to plating 
on non-fortified search plates. Independent revertants form colonies in the 
absence of nutrient fortification while the dependent revertants forla ad- 
ditional colonies in the presence of fortification. Every point represents 
the average of three experiments. 
4 
loo0 
YY 
3 
f 
1 I I I \  
4 
/ 
f 
Figure 3. Figure 3 shows the specific varia%ilans of the independent fractions 
in the different revertant populations as a function of incubation time. The ratio 
of the number of revertant colonies on non-fortified plates over the number 
of revertant colonies on fortified plates (from fig.2) is plotted for B3-thpidine, 
E3-uracil and E3-histidine produced revertants. The variation in the fraction 
of independent revertants Over tiow is similar for H3-thpidine and H3-histidine 
but different for H3-macil. 
I 
i cr, 
Figure 4. Independent revertants as a function of accumulated B3-decay: The 
number of viable revertants per lo8 viable bacteria is plotted as a function 
of accumulated decays. the lines drawn are fitted to the data by the method 
of least squares. The slopefof these lines represent the reversion frequencies 
(k values) in units of revertants per lo8 survht.ors per B3-decay. These k val- 
ues are 0.058, 0.026 and 0.019 for H -thymidine, E -uracil and H -histidine, 3 3 3 
respectively. 
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' .  Table 1 
(aIWatio of: 
fndependent 0.19 0,048 
total 
N o m a  1 ized 
ratio 4.0 1 .0 2 . 9  
-- 
(b :J Independent 
revertants* 0 '058 0.026 
Total 
revertants O . S P *  1 
Ratio of: 
independent 0 -087 
total 
Normalized 
ratio 6.2 
0,014 
1 .o 
0.019 
0 e 068 
2.9 
- - 
* per lo8 survivors per decay 
52 determined previously (19643 
0 -  
Table I (e): The ratio of independen% revertants tu the rota1 rev- 
ertrnts as  seen a t  zero time in figure 3 are listed and normalized for 
convenience of ccmrparison. 
Table t (b): the rever ion frequencies for independeat revertants 
by the decay of incorporated B'-thymfdine, H 3 -uracil, or El 3 -hfstLdfne, as 
determiaed in figare 4, are listed, with reversion frequencies for tota l  
revectanzs as determined previously (Person and Bockrath, in press!,. The 
r a t h  or rever.32on frequencies are calculated and normalized for conven- 
ience of comparison. 
.* . 
SUnnaaq: 
The existence of two sub-classes of revertauks has been demonstrated 
among the revertant populations produced by H 3 -thymidine, B 3 -maci l  and H 3 - 
0 
1 
histidine decays. The majority of the total revertant poptilation is composed 
of dependent revertants which give rise to revertant colonies in the pres- 
ence of nutrient fortification. In addition, there are some independent 
revertants that can form colonies in the absence of nutrient fortification, 
The relative mutagenic effeciency €or producffqn of independent revertants 
is in the order: E -thymidine,3, H3-uraci1, 1.4,H -histidine, 1.0. We have 
previously shown that independent p l u s  dependen'i revertents are produced 
3 3 
with efficiencies in the arder:H3-uracil, 6.7, E 3 -thymidine, 2.4, H 3 -histidine, 
1.0. All these data infer that there are at least two molecular alterations 
that can mediate the reversion of a bacterial mutant by H -decay and that the 
speciPicitg of the B3=conrpound used is sufficient to dlfferenti.ally effect 
3 
0 these two alterations. 
. 
c '  Appendix 4. 
Problems of ~ i c r o s p e s t r o p h o t a t r y .  
The design of a microspectrophotometer depends largely upon the 
intended use of the instrument. Pot Investigations of proteins and nucleic 
acids with mainly ultra-violet  absorption, a u-v l i g h t  source and quartz 
or re f lec t ing  optics must be used. Normally t h i s  means a ra ther  heavy 
pwer  supply for the ]lamp, since the ultra-violet  spectrum must be rela- 
t i ve ly  intense. fa the  v i s ib l e  range, where pigments such as caro tenoids  
and heme c q o u n d s  are investigated, a tungsten ribbon l igh t  source and 
conventhmal optics may be used. These would a l so  suff ice  for the near 
infra-red region, i f  desired. 
Most microspectrophotometers use conventional photodetectors as the 
sensing element, toeo, photonualtipliers for the u-v v is ib le  range. A blue 
sens i t ive  tube should be used for the  u-v work, of course. A possible aL- 
ternative is a C d s e  photoconductive cell (Cla i rex)  which has a usable 
response in the u-v, peaks in the vis ible ,  and cuts  off at about 900 
Unfortunately, the long time constant of these photocells at law l igh t  levels 
makes recording d i f f i cu l t ,  although not impossible. These cells are very 
well sulted,  hwever, for point-by-point plot t ing of the data. 
Another problem of microspectrophotometry is preparation of the  
sample t o  be studied. For ipvbvo m in-vitro biological s tudies  moveawtt 
of the  organism is hard to  prevent. In addition, for the  v i s ib l e  range, the  
specimen must be rather  heavily pigmented, si- the absorptiosr path amy be very 
short . 
In general, t w o  types of data may be obtained with a mlcroapectro- 
photometer: (1)characteristic absorption spectra obtained by plot t ing 
opt ical  dens i ty  vsm wavelength at a part icular  cellular location and (2) 
the  location and/or ident i f icat ion of par t icular  sample constituents, 
obtahed by scanning the  sample at fixed wavc~engtbs. Case (1) is coca- 
0 
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pletely equivalent: to conventional spectrophotometry except that it is 
performed through a mlcroscope. Case (2) is unique in microspectro- 
phote-try in that it permits one t o  determine whether a certain type of 
compound is present and where it is located witbin the sample. For: 
certain compounds (nucleic acids), quantltatiwe determinations can be -de 
although usually with 8- difficulty with regards to specipsen preparation. 
Recording the micraspectrophotaaeters are relatively complicated 
system. The incident light beam is chopped so that a.c. amplification amy 
be used after the photomultiplier tube. The signal consists of the ratio 
of two light intensities, the sample and reference transmission. Several 
different types of electronic amplifiers must be .used, including dynode 
control of the photomultiplier tube, 
If photoconductive cells are used as the sensing element, some 
simplification of design is possible. This is the problem under study by 
Strother. The present aim of thie work is to design a d  construct a 
recording microspectrophotoaeter using as ma~y solid-state components 
as poasible,i.e., with transistor circuitry and photoconductive cells. 
This type of instrument should have 8 high reliability and light weight, 
both desirable from the viewpoint of possible space exploration applica- 
tions, 
GoKO Strother 
